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Synthesis of colloidal nanoparticles during femtosecond laser ablation
of gold in water
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Femtosecond laser radiation has been used to ablate a gold target in pure deionized water to produce
colloidal gold nanoparticles. We report evidence for two different mechanisms of material ablation

in the liquid environment, whose relative contributions determine the size distribution of the
produced particles. The first mechanism, associated with thermal-free femtosecond ablation,
manifests itself at relatively low laser fluendes: 400 J/cm and leads to very smalB—10 nm and

almost monodispersed gold colloids. The second one, attributed to the plasma-induced heating and
ablation of the target, takes place at high fluences and gives rise to a much larger particle size and
broad size distribution. The fabricated nanoparticles exhibit plasmon-related optical absorption peak
and are of significance for biosensing applications.2@3 American Institute of Physics.
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Remarkable size-dependent optical properties of colloinanoparticles down to 5 nm during nanosecond laser ablation
dal gold nanoparticles related to the generation of Mieof goldX Ablating a gold target by femtosecond radiation in
resonancésand to quantum size effeétsnake them very aqueous solutions of cyclodextririgorus-like macrocycles
attractive for intensive research and different applications irbuilt up from glucose pyranose uriits we recently demon-
biotechnology. In particular, being linked to biological ob- strated a formation of gold nanoparticles with the mean size
jects, these nanoparticles can serve as efficient optical mariend dispersion of 2 and 1 nm, respectivéiyn contrast to
ers to screen selective biointeractions. 10—30 nm gold colsurfactants, cyclodextrins should not terminate the surface
loids with relatively narrow size dispersion are generallyand keep it useful for furthefbio-) chemical modifications.
fabricated by a chemical method, in which a diluted metalHowever, physical aspects of laser ablation in liquids still
salt is reduced in an aqueous solution with a reducingemain unclear and relative contributions of the physical and
reagent However, this chemical method is not free of con- chemical factors of particle reduction have not yet been well
tamination byproducts, which complicate further stabiliza-understood.
tion of the colloidal solution and functionalization of the In this communication, we study physical mechanisms
gold surface for biological immobilizations. for the nanoparticle size control during the femtosecond laser

Laser-induced ablation from a solid target is known asablation in liquids. In particular, we report the fabrication of
an alternative physical method for nanofabrication. Beingv€’y small and almost monodispersed particles in the ab-
performed in a controllable contamination-free environmeng€nce of any reducing chemical reagents. .
this method makes possible the production of nanomaterials 1€ experiments were carried out with a Ti/sapphire la-
without impurities. In particular, laser ablation of silicon in S€r(Hurricane, Spectra Physics Lasemshich provided 110

inert gases was previously used to produce Si nanoclifters, s full width at half maximum(FWHM) pulses(wavelength

which were then deposited on a substrate to form nanostru@00 M, maximum energy 1 mJ/pulse, repetition rate of 1

tured films®=° On the other hand, one can effectively pro- kHz). The radiation was focused by an objective with the

duce colloidal metal nanoparticles when the ablation occurgo_Call distar_lce of 7.5 ¢cm on the_ top of a gold r(gg_gg%
in a liquid environment®*! However, the laser ablation in With the height of 1.5 mm and diameter of 6 mm, which was

: : laced on the bottom of a 2-mL-glass vessel filled with pure
pure water generally gives relatively lar¢20—300 nm and b o :
strongly disperse50—300 n particled?®due to both the 18 M() deionized water. The thickness of the water layer

. . . _above the rod was 10 mm. The vessel was placed on a hori-
postablation agglomeration of nanoclusters and to the ejec-

. L ontal platform, which executed repetitive circular motions
tion of large target fragments, although certain size contro ; i
. L on at a constant speed of 0.5 mm/s to form circle-like ablated
can be achieved by a variation of radiation paramefet3lt . :
14 . region on the target surface. For all samples, the ablation was
has been recently demonstrafed” that the nanoparticle

) . performed during 20 min. A transmission electron micro-
size can be drastically reduced by the use of aqueous So'%bope(TEM) with 0.23 nm point—point resolutiogmodel

t'OInS.Of surfac:]ants, which choverfthe pfartlﬁles jUST after thelrphilips CM30 was used to take electron images of the nano-
ablation and thus prevent them from further agglomeration o icies in the solution. A drop of a sample solution was

Sodium dodecyl sulfat¢SDS was found to be the most aceq on a carbon-coated copper grid and then dried at
efficient among the surfactants to reduce the mean size of Al temperature. Normally, the diameters of 1000 particles
were measured and the particle sigkametey distribution
dElectronic mail: andrei.kabashin@polymtl.ca was obtained. Target surface was examined by scanning elec-
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tron microscopy (SEM), model Phillips XL2@. In addition,
we recorded absorption spectra in the 250—1000 nm range (a
using a Lambda 19 Spectromet@erkin Elmey.

The laser ablation of gold in water was accompanied by
the presence of a plasma plume on the target surface, easily
visible by the naked eye. The plasma plume intensity de-
pended on the laser energy and light focusing conditions. In
contrast to the ablation in residual ga&e$the focusing
conditions were determined not only by the target position
with respect to the focusing lens, but also by the thickness of
the water layer above the gold surface. This was apparently (b
connected to a certain shift of the focal plane due to the
water optical refraction. In the experiments, identical focus-
ing conditions were maintained by fixing both the target—
lens distance and the water thickness, while the radiation
energy was the main variable parameter to control the laser
fluence. The material ablation threshold was estimated by
examining the craters on the tard&tThis threshold was ‘,
found to be at least fivefold higher for water compared to =~ o+ S iitiiims,
vacuum €~ 1 J/cnt). Note that a similar difference of fem-
tosecond ablation efficiencies was recently recorded for (c
silver!’

We observed a visible coloration of the solution after
several seconds of the experiment. The color of solutions ]
prepared at low fluenceB <100 J/crd was red or pink, ;
whereas the solution prepared at high fluencEs ' ‘
>100 J/cnd looked red-violet with some yellow tint. In the | !
absorption spectra of the solutions, the surface plasmon- | !' |
related peak could be clearly distinguished. This peak was 2 4 6
around 520—530 nm fd¥ < 100 J/cni, which was consistent Pertce Size (nm)
with the presence of small 3—30 nm particles in the
solution.l'z However, forF>100 .J/CI‘ﬁ, the peak suffered a FIG. 1. TEM _micrograph images and corresponding size c_iistr?butio_ns_of

. . . old nanopatrticles prepared by the femtosecond laser ablation in deionized
broadening and a red shift to 540-550 nm, suggesting a CC€iater at different fluencega) 1000 J/crh, (b) 160 J/cn, and(c) 60 J/cnf.
tain “dephasing” of signals from individual plasmons due to
the increase of particle size and dispersidrhe hypothesis
on the fluence dependence of the nanopartide size was Coﬁi.sperSion while the fluence increased. However, the increase
firmed by TEM data, which revealed a drastic particle sizeate was not very significant for the narrow distribution with
reduction under the laser fluence decrease. Indeed, the me&H'ges of variations for the mean size and dispersion from 4
particle size dropped from 120 to 4 nm Rsdecreased from 0 2 nm and from 2 to 17 nm, respectively. In contrast, the
1000 to 60 J/crh as shown in Fig. 1. In is interesting to note _broad distribution showed a r_nu_ch stronger and almpst linear
that for lowest F<100 J/crd) and highest > 400 J/crd) increase of thesg characf[erlstlcs as the fluence increased.
fluences the size distributions could easily be extrapolated biote that the fabrication with nanosecond lasers was accom-
Gaussian functions. However, for intermediate fluences bel@nied by efficient radiation absorption by the ablated par-
tween 100 and 400 J/énhe single-peak Gaussian extrapo- t!cles suspended in the ;oluuon, wh|ch provided an addi-
lation was not adequate. An example of such distribution idional mechanism of particle reductiéhin our conditions
shown in Fig. 1b), in which most particles are relatively this effect was weak or absent since we did not detect any
small with the mean size around 5—-10 nm, but a significant
number of very large 10—80 nm particles are still present in 140,
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the solution and the resulting dispersion is rather high. It is zwo{ (a) £ ® .
known that distributions like these are well described by two *;7100- g

Gaussian functions with separated maxiffay. 1(b)], sug- ? g0 (2) 5 @
gesting that two different mechanisms are involved in the § ¢ B

nanoparticle production. The fluence dependencies of the% 401 2, -

mean size and dispersion for the relatively narr@y and 2 o s 0, § |

broad(2) distributions are presented in FiggaRand Zb). P TR ey e e el S R S T T
One can see that the peak related to the narrow distribution Fluence (Jicm?) Fluence (Ja)

cpulq b,e discerned Only dt<400 chrﬁ’ while t?ﬁe broad FIG. 2. (a) Mean size andb) dispersion at FWHM for the narrowd) and
d!Str!bUt!on'related peak was a_‘bsentFa‘t 100 J/em. BOt_h broad (2) distributions of the produced nanoparticles as a function of laser
distributions demonstrated an increase of the mean size anidence.
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on the walls of the crater and around[Rig. 3(b)]. Taking

into account that the target melting cannot result from the
radiation-related heatirf, we propose that the target is
heated by the plasma itself. With the lifetime of several mi-
croseconds this plasma can become hot enough to ablate the
target material, as was previously observed during femtosec-
ond ablation of metals in aff. Note that the tendency of the
nanoparticle size reduction with the laser fluence decrease
dvas also mentioned under the nanosecond laser ablation of
Ag in aqueous SDS solutiori8. However, with nanosecond
pulses the reduction was much weaksize variations did

difference of the size distributions for samples prepared dur?0t exceed 50% of the mean particle gize

ing different time lengths. Similar weakness of the secondary N Summary, we used a femtosecond laser to ablate a
femtosecond laser ablation of gold particles was mentioneg©ld target in deionized water and thus fabricate a colloidal
in experiments with chemically prepared colloidal solution of gold nanoparticles. We revealed two different

particles?? To better understand possible reasons of the parljanoparticle distributions, suggesting contributions of differ-

ticle distribution changes, we performed a SEM study ofént mechanisms of material ablation. The minimal size and
craters on the gold surface produced by the femtosecond I&iSPersion of the produced particles make them very attrac-
ser ablation in water. As shown in Fig. 3, the craters formediVe for biosensing applications.

under low and high fluences were quite different. For low
fluences Fig. &), the walls of craters were smooth without

any indication on the contribution of heating effects. In con-

trast, the craters prepared at high fluenées100J/c  gqje Polytechnique and Dr. J. H. T. Luong of Biotechnol-
[Fig. 3(b)] were broader and had irregular profile, while their o Research Institutéviontrea) for useful discussions.
walls and bottom contained traces of molten material. In ad-
dition, the latter craters were surrounded by a significant
heat-qffected zone. ) o .M. Kerker, TheScattering of Light and Other Electromagnetic Radiation
It is accepted that the action of laser radiation on a solid (academic, New York, 1969

target leads to the ablation of material in the form of atoms?U. Kreibig and M. Volimer, Optical Properties of Metal Clusters
and nanoscale clustetS.However, these ablated atoms and ,(SPringer, Berlin, 1996 o

lusters tend to agaredate during or after the laser pulse Colloidal Gold: Principles, Methods, and Applicatignedited by M. A.
Clust ggreg g g P "Hyatt (Academic, New York, 1989 \ol. 3.
leading to a formation of much larger particles. In addition, *L. A. Chiu, A. A. Seraphin, and K. D. Kolenbrander, J. Electron. Mater.
the target itself can be heated by the radiation or by the 23 347(1994.
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FIG. 3. Typical craters on the gold target in water after 5000 laser pulses
F=60 J/cnt (a) and F=1000 J/crf (b).
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